this protocol describes the isolation and characterization of mouse and human esophageal epithelial cells and the application of 3D organotypic culture (otc), a form of tissue engineering. this model system permits the interrogation of mechanisms underlying epithelial-stromal interactions. We provide guidelines for isolating and cultivating several sources of epithelial cells and fibroblasts, as well as genetic manipulation of these cell types, as a prelude to their integration into otc. the protocol includes a number of important applications, including histology, immunohistochemistry/immunofluorescence, genetic modification of epithelial cells and fibroblasts with retroviral and lentiviral vectors for overexpression of genes or rna interference strategies, confocal imaging, laser capture microdissection, rna microarrays of individual cellular compartments and protein-based assays. the otc (3D) culture protocol takes 15 d to perform. Initially, there is placement of an acellular collagen matrix on the bottom of an insert, followed by the addition of a layer of esophageal fibroblasts embedded in bovine collagen type I. These two layers are cultured initially for 7 d, thereby allowing for fibroblastmediated constriction of the collagen matrix. (c) On day 7, the epithelial cells are seeded on the surface of the contracted matrix. (d,e) The medium of the OTC is changed every 2 d (d) and the epithelium is exposed to air to create a liquid-air interface (e), thereby promoting epithelial stratification and differentiation. (f) Finally, on day 15, the resulting OTC is harvested for histology and other applications such as RNA/protein analyses.
Whereas the skin suprabasal and superficial layers express CK1 and CK10 (ref. 4) , the esophageal suprabasal layer express CK4 (ref. 6) and CK13 (ref. 7) . The superficial layer of the esophagus expresses involucrin and filaggrin 8, 9 . The mouse esophageal epithelium has a keratinized layer on its surface; the human esophageal epithelium lacks this feature.
Human esophageal epithelial cells can be cultured in 2D, and may or may not use a 3T3 fibroblast layer as a support 10, 11 . Apart from the human esophagus, there have been reports of cultivating esophageal epithelial cells from different species, such as rabbit 12 . In human esophageal epithelial cells, SV40 T-antigen was introduced to induce immortalization 13 . We have successfully isolated primary human esophageal cells (EPCs) that undergo replicative senescence after 42-45 population doublings. Retroviral transduction with human telomerase reverse transcriptase (hTERT) overcomes replicative senescence and these cells are immortalized 14 . EPC-hTERT cells can be placed into 3D OTC with recapitulation of the normal stratified squamous epithelium 14 . The organotypic 3D culture has been used to provide insights into mechanisms underlying normal esophageal epithelial biology and esophageal cancer biology [14] [15] [16] [17] [18] .
Applications of esophageal organotypic (3D) culture
There are intrinsic advantages in evaluating EPCs in 3D culture versus 2D culture. The 3D OTC system for esophageal epithelial cells is unique. Its advantages relate to the normal polarization and differentiation patterns of cells, the expression of genes involved in the adherens junctions and tight junctions and the gene signatures that resemble in vivo tissues. Esophageal epithelial cells immortalized with hTERT can constitute a complete stratified squamous epithelium after exposure to a liquid-air interface 14 . Perturbations in the esophageal epithelium can be observed with epidermal growth factor receptor (EGFR) overexpression 15 , resulting in epithelial hyperplasia. The expression of inducible AKT in esophageal epithelial cells results in an expansion of the proliferating basal cells and impaired (delayed) differentiation 16 . Epithelial cells may be transformed by the introduction of a combination of oncogenes and/or inactivated tumor suppressor genes (e.g., EGFR, cyclin D1 and mutant p53), and the resulting transformed epithelial cells invade into the underlying matrix, thereby providing a platform to investigate properties of tumor cells and the cross talk between invading tumor cells and activated stromal fibroblasts [17] [18] [19] . Genes that mediate tumor invasion can be identified using laser capture microdissected cells from OTC 17, 20 . Gene expression can be modified using retrovirally or lentivirally mediated shRNA in esophageal epithelial cells and fibroblasts 16, 19, 21 . In addition, gene expression can be modulated in the 3D context using inducible systems 22 . Cell signaling pathways in the reconstituted epithelia can be interrogated by pharmacological inhibitors, although such agents may influence both epithelial and fibroblast functions 15, 22 . In addition, the self-renewal capacity of mouse esophageal stem cells can be demonstrated using OTC 23 .
Experimental design
The steps involved in the development of OTC are outlined in Figure 1 . The process involves the casting of an acellular collagen matrix on the bottom of an insert, followed by the casting of a layer of esophageal fibroblasts mixed with collagen type I and Matrigel. Matrigel is not required for the formation of stratified squamous epithelium, but it facilitates invasion of transformed epithelial cells or ESCC cells. These two layers serve as a substitute for the esophageal 'mesenchyme' and are cultured initially for up to 7 d, thereby allowing for fibroblast-mediated constriction of the collagen matrix. Sources of epithelial cells for OTC are the following: (i) primary mouse esophageal keratinocytes, (ii) primary mouse esophageal stem cells using fluorescence-activated cell sorting (FACS), (iii) primary human esophageal keratinocytes (EPCs), (iv) immortalized human esophageal keratinocytes (EPC-hTERT cells) and (v) esophageal cancer cell lines. On day 5, the epithelial cells are seeded on the surface of the constricted matrix. The medium of the OTC is changed every 2 d and the epithelium is exposed to air to create a liquid-air interface, thereby promoting epithelial stratification and differentiation. Finally, on day 15, the resulting OTC may be processed for histology, and subsequent immunohistochemistry or immunofluorescence. In addition, the epithelium may be peeled away from the matrix and processed for RNA or protein isolation. Specific cell populations (e.g., epithelial cells, regions of fibroblasts in the matrix) may be isolated using laser capture microdissection (LCM) for RNA isolation and subsequent in vitro RNA amplification and microarray analysis or quantitative reverse-transcription PCR (Fig. 2) . The conditioned medium from OTC has been used for the detection of proteins by western blot analysis, ELISA or proteomics. . Add EGF to a final concentration of 1 ng ml − 1 , 25 mg of BPE (the whole content of the vial supplied) and 5 ml of penicillin-streptomycin. For primary culture, add gentamicin sulfate (5 µg ml − 1 ) and nystatin (100 U ml − 1 ) for the first 2 weeks. Store at 4 °C for up to 1 month.  crItIcal Warm medium to 37 °C before use for primary culture to avoid cell stress. Growth medium for primary, immortalized or transformed human esophageal keratinocytes (i.e., EPC, EPC-hTERT and derivatives; h-KSFM) Use 500 ml of KSFM with 0.09 mM CaCl 2 . Add EGF (final concentration 1 ng ml − 1 ), 25 mg of BPE and 5 ml of penicillin-streptomycin as in m-KSFM. For primary culture, add gentamicin sulfate (5 µg ml − 1 ) and nystatin (100 U ml − 1 ) for the first 2 weeks. Store at 4 °C for up to 1 month.  crItIcal Warm medium to 37 °C before use.
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Growth medium for fibroblasts and esophageal cancer cell lines (DMEM-10% (vol/vol) FBS)
Use 500 ml of DMEM supplemented with 50 ml of 100% FBS and 5 ml penicillin-streptomycin. Store at 4 °C for up to 1 month. Soybean trypsin inhibitor Dissolve 250 mg of soybean trypsin inhibitor in 1 liter of Dulbecco's PBS. Filter-sterilize with a filter unit (1,000-ml capacity) and dispense into 50-ml tubes and store at 4 °C for up to 6 months.  crItIcal Trypsin inhibition is essential before human and mouse esophageal keratinocytes are seeded in KSFM-base medium as it contains a low level of protein (i.e., EGF and BPE). Cell culture and genetic modifications Grow cells at 37 °C in a 5% CO 2 incubator. If required, perform retrovirus/lentivirus-mediated stable gene transduction in human and mouse esophageal fibroblasts, keratinocytes (i.e., EPC and EPC-hTERT derivatives) and esophageal cancer cell lines with the vectors listed in Table 1 and used for 3D OTC. HBSS( + ) for cell isolation in primary culture Add penicillin-streptomycin (1% (vol/vol)), gentamicin sulfate (5 µg ml − 1 ) and nystatin (100 U ml ) collagenase in HBSS to 1 mg ml − 1 (≥125 U ml − 1 ). Sterilize through a 0.2-µm filter membrane, aliquot and store at − 20 °C for up to 1 year. OTC medium components Store 10× EMEM and 7.5% (wt/vol) NaHCO 3 at room temperature (25 °C) for up to 2 years. Avoid repeating freezing and thawing cycles more than four times. Prepare aliquots of the reagent and store at − 20 °C after filter sterilization through a 0.2-µm membrane. When reconstituted in a 100-ml scale, the authors' laboratory makes 20-50 small aliquots in 1.7-ml tubes (~1,400 µl per tube). The rest is stored at − 20 °C as a large aliquot (12-30 ml per tube) in 15-ml/50-ml tubes. Thaw aliquots of FBS, newborn calf serum, l-glutamine, hydrocortisone, ITES, O-phosphorylethanolamine, adenine, progesterone and triiodothyronine in a water bath at 37 °C. Transfer them onto ice immediately. Matrigel is stored at − 20 °C. However, it should be thawed at 4 °C overnight; Matrigel thawed at 37 °C solidifies rapidly and can no longer be used.  crItIcal All OTC reagents should be chilled on ice before use. . Add Hoechst 33342 dye and verapamil to the 1.5-ml microcentrifuge tubes such that the final concentration of verapamil is 50 µM. Incubate the tubes in a water bath at 37 °C for 90 min (this is the optimal incubation time in our experience). Periodically agitate (every 15 min) the cells by inverting the tubes twice.  crItIcal step Make sure that the water bath temperature is maintained precisely at 37 °C to ensure cell viability. 
4|
Chill empty 50-ml tubes on ice to prepare cellular (label 'C') and acellular (label 'A') matrices while thawing matrix components (see the REAGENT SETUP section).
5|
Mix the acellular matrix components in tube 'A' on ice in the order listed below. Bovine collagen type I 5.6 ml 11.2 ml  crItIcal step Bovine collagen type I is viscous. Use a 25-ml serological pipette to mix carefully but thoroughly until the color of the matrix becomes homogeneous. Avoid air bubbles. Once formed they may stay in the matrix.
6|
Use a 5-ml serological pipette to add 1 ml each of acellular matrix into the Transwell inserts.
7|
Incubate at room temperature in a tissue culture hood for >10 min until the matrix solidifies.
8| Trypsinize and count the fibroblasts from either
Step 1A(xxx) or Step 1B(i), and adjust the cell concentration to 6 × 10 5 per ml. Bovine collagen 11.4 ml 22.8 ml Matrigel 3.8 ml 7.6 ml 6 × 10 5 per ml fibroblasts 1.6 ml 3.2 ml  crItIcal step Bovine collagen type I and Matrigel are viscous. Use a 25-ml serological pipette to mix carefully but thoroughly until the color of the matrix becomes homogeneous. Avoid air bubbles. Once formed they may stay in the matrix.
10|
Use a 10-ml serologic pipette to dispense 3 ml each of the matrix into the Transwell inserts. Ensure that there are no remaining large air bubbles. If present, they can be removed easily by poking with a pipette tip.
11|
Carefully carry the filled Transwell carriers with the inserts from tissue culture hood to the incubator. Incubate at 37 °C for 30-45 min to allow the matrix to solidify.
12|
Add DMEM-10% (wt/vol) FBS: 10 ml to the bottom of the wells in the Transwell carrier and 2 ml to the Transwell inserts. ? troublesHootInG Troubleshooting advice can be found in table 3. Step 23, Medium change (OTC-day 9): 10 min
Step 24, Medium change (OTC-day 11) to create liquid-air interface: 10 min
Step 25, Medium change (OTC-day 13): 10 min
Step 26, Harvesting OTCs (day 15): 1.5-2 h (plus processing time)
antIcIpateD results
Depending on the quality of the fibroblasts used, contraction of the matrix should be detected between days 2 and 4. The contracted matrix forms a concave surface with a depressed center and slightly rising walls that allow for seeding of keratinocytes on the surface of matrix. The matrix may contract further during the remaining cultivation. Examination of the H&E stained section should reveal a mature stratified epithelium on the surface of the matrix with embedded fibroblasts (Fig. 4) . The CK14-positive basal layer contains Ki-67-positive cells (Fig. 4c) , on top of which should be progressively more flattening epithelial layers and a nuclear keratinized surface, positive for CK4 and CK13 (Fig. 4e,f) . Mouse cell cultures have fewer layers than human cell-derived cultures (compare Fig. 4a and Fig. 5a ). Epithelial maturation is impaired by DNMAML1, a genetic pan-Notch inhibitor (Fig. 5a) , which affects epithelial formation and expression of differentiation markers such as involucrin (Fig. 5b) . Transformed epithelial cells and ESCC cells form dysplastic epithelia and show invasive growth into the underlying collagen matrix compartment ( Fig. 2 and supplementary Fig. 1 ). Ep.
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